Fishery dependent trawl samples taken in spring prior to commercial shrimp trawling season in South Carolina were analyzed for annual relative abundance, sex ratios, and ovarian development of white shrimp, Litopenaeus setiferus, during 1980-2003. Fishery independent trawl samples were analyzed for relative abundance and ovarian development of female L. setiferus during the same period. Relative abundance varied greatly among years, and was thought to be strongly influenced by winter water temperature. The decade of the 1990s was a period of mild winters and high abundance of white shrimp in South Carolina. Biological observations about size and sex ratios of shrimp were consistent with past studies done along the southeastern Atlantic coast. Proportions of male shrimp in fishery dependent collections appeared to increase with advance of maturation of female shrimp. After spawning, numbers of male shrimp declined, suggesting that males are attracted to location of females prior to spawning, as has been postulated in published laboratory studies. Analyses of fishery independent samples indicated a slight delay in time of maturation of female shrimp during cool temperatures in spring; conversely, spring seasons with warm temperatures seemed to speed up maturation. This study should help elucidate the location of spawning areas for L. setiferus off South Carolina, in addition to its primary purpose of managing the shrimp fishery on a biological basis.
The white shrimp, Litopenaeus setiferus (Linnaeus, 1797), is the most important penaeid species taken in commercial and recreational harvest along the Atlantic coast of the southeastern United States of America (National Marine Fisheries Service 1 ). It constitutes about two thirds of the annual commercial harvest in South Carolina, and also supports a large recreational fishery (McKenzie, 1981; Lam et al., 1989; Low, 2002) . Consequently, it has been a subject of numerous studies; see Lindner and Cook (1970) and Williams (1984) for review.
Litopenaeus setiferus begin spawning in the spring of the year (Lindner and Anderson, 1956 ) along the southeastern U.S. coast. These sexually mature shrimp produce the progeny that comprise most of the harvest in late summer and autumn (Lam et al., 1989) . Because of their size and market demand at that time of year, these spring shrimp have a high value (South Carolina Department of Natural Resources (SCDNR), Fisheries Statistics Section). In years of average or greater abundance of these spring shrimp, the commercial shrimp trawling season in South Carolina territorial waters is opened by the SCDNR after spawning of at least a substantial portion of the population, to allow harvest of these valuable shrimp. Opening of the season is largely determined by examining the ovarian development of female shrimp using methods described below.
The timing of spawning in penaeid shrimp may differ, based on whether the female's thelycum, the specialized structure that receives the spermatophore from the male shrimp, is ''open'' or ''closed'' (Dall et al., 1990) . Litopenaeus setiferus possess an ''open'' thelycum, and spawning is thought to occur shortly after mating, whereas spawning in ''closed'' thelyca penaeids may occur weeks after mating (Browdy, SCDNR, personal communication; Dall et al. 1990) . Therefore, inferences about spawning location may be made when sampling indicates shrimp spawning activity. Although Misamore and Browdy (1996) described mating of L. setiferus in the laboratory, and Weymouth et al. (1933) and Lindner and Anderson (1956) described gonadal development by geographic area, long term field observations and relatively recent published data for South Carolina are lacking. More extensive laboratory study on another species with an open thelycum, the Pacific white shrimp, Litopenaeus vannamei (Boone, 1902) , has been conducted in the Americas because of its success in culture operations (see Ogle, 1992, for review) . Field information such as that collected in the present study can be useful in inference about reproductive behavior, besides its primary purpose for management of shrimp season openings. This paper summarizes relative abundance and reproductive data collected over two decades during spring sampling for L. setiferus in South Carolina.
MATERIALS AND METHODS
Fishery dependent samples were first collected aboard commercial shrimp trawlers in 1980. Following years of low white shrimp abundance caused by lethal winter water temperatures (McKenzie, 1981) , sampling resumed on a consistent basis (at least three trawlers sampled per spring) in 1984, and continues to the present. Trawlers are accompanied by SCDNR personnel into areas closed to trawling (prior to season opening) and allowed to make several tows and retain the catch to cover expenses. Some effort has been made to sample different areas of the state's coastline, with most samples being collected near estuarine inlets that are historically productive for spawning white ''roe'' shrimp ( Fig. 1) . All tows are made during daylight, with tow duration ranging from 20 min to 180 min, but generally one hour or less. Fishing gear include twin (four nets) or double rigs (two nets) with head ropes ranging from 12 m to 27 m, and stretched mesh size was usually 4.7 cm. A subsample of at least 2.3 kg (5.0 pounds) is removed from the total catch (which is weighed or estimated by volume after the vessel crew sorts the shrimp from bycatch). Total length (TL, mm) are recorded for 50 individuals. Sex and ovarian development stage of female shrimp are determined by gross visual observation (King, 1948; Lindner and Anderson, 1956 ) from the subsample. The ovaries are categorized as undeveloped, early development (''pepper''), advancing (''yellow''), ripe, and spent.
Fishery independent samples have been collected aboard SCDNR research vessels since 1976, although for consistency, in this study only samples taken after 1979 were used for analyses in combination with fishery dependent samples. Trawl nets measuring 6.2 m (headrope length) with 2.5-cm stretch mesh are used to assess commercially important shrimp stocks in South Carolina. Although vessels and tow times have changed, general trawling methods and locations have remained consistent. These locations are primarily in estuaries inshore of legal commercial trawling areas, and have been used to assess the potential success of subsequent commercial and recreational harvests. Samples are collected at fixed stations around Charleston Harbor on at least a monthly (often weekly or biweekly) basis, while stations south of Charleston are sampled in March, April, June, August, October, and December. Some limited sampling occurs north of Charleston. Previous analyses determined that catches made in April are most reliable in assessing potential spawning class strength. Catches of shrimp are subsampled (n ¼ 50) for size (TL) and gross disease (data not included in present analyses), and total catch is enumerated or estimated with weight. When female white shrimp in advanced ovarian development appear in samples, sex composition and ovarian developmental stage of females are determined for those samples.
Daily water temperature data collected by stem thermometer (60.18C) in Charleston Harbor at the U.S. Customs House 2 and at Fort Johnson (SCDNR unpublished data) were used to examine the effect of spring temperatures on ovarian development of shrimp.
Catch rates of white shrimp were standardized to 50-m total headrope length for trawls and 1-hr tow times for samples taken on commercial vessels (fishery dependent). Fishery independent catch rates were standardized to 15-min tow times and double-rigged 6.2-m headrope trawls.
Examination of data from commercial landings revealed nonnormal distribution (uncorrected by transformation); therefore, the nonparametric Spearman correlation coefficient was calculated for ranks of catch rates and subsequent landings and potential effect of winter water temperature on catch rates and landings (P 0.05; Sokal and Rohlf, 1981; SPSS, 1997) . Assuming nonnormality for distribution of classes of female ovarian stage, proportions of male shrimp collected by class of advanced ovarian stage of females (in collections where total n ¼ 10 or greater shrimp) were compared using the nonparametric Kruskal Wallis test (P 0.05). 
RESULTS
Numbers of white shrimp per tow varied greatly, ranging from a few individuals to several thousand, sometimes in collections made during the same day in the same general area. Average annual numbers also varied substantially (Table 1; Fig. 2 ). The decade from 1991 through 2000 was characterized by mild winters and relatively large numbers of spring spawners and subsequent commercial landings (Table 1; Fig. 3 ). Significant (P 0.05) correlations were found for both fishery dependent catch rates (q ¼ 0.79) and fishery independent catch rates from April samples (q ¼ 0.95) and subsequent commercial spring harvest. Correlations were also significant for January water temperature and fishery dependent catch rates (q ¼ 0.69), fishery independent catch rates (q ¼ 0.83), and spring commercial landings (q ¼ 0.86).
A total of 18,166 L. setiferus was measured in 527 fishery dependent trawl samples (Fig. 4) . Average TL of male shrimp was 146.4 mm (68.52 std. dev.) and of female shrimp was 156.3 mm TL (610.82 std. dev). An average of 27.5 male and 26.8 female shrimp per tow was observed in subsampled catches. Percentages of male shrimp in fishery dependent samples containing at least ten individuals ranged from six to ninety percent, whereas percentages of females ranged from ten to ninety-four percent.
Examination of frequency of ovarian development in female shrimp in fishery dependent tows revealed most were in advanced ovarian development, while proportionately more shrimp collected in fishery independent trawl samples (n ¼ 607) were in early development. Many of the latter samples were collected earlier in the year and further up the estuary than fishery dependent samples (Figs. 5, 6 ). Despite this, female white shrimp collected in fishery independent samples showed a relatively high proportion of spent individuals. A small number of females carrying at least portions of spermatophores was collected during this study.
Tabulation of numbers of male shrimp to average female ovarian stage in fishery dependent samples revealed that the highest percentage of males occurred with females approaching spawning (ripe or near ripe), then declined after spawning (Fig. 7) . Analysis using the Kruskal Wallis test revealed significant differences (P 0.05) among percentage of male shrimp averaged by female ovarian stage.
Effect of Spring Temperature and Use in Management Although some sexual composition and ovarian development data were collected as early as March in fishery independent trawls, most maturing animals were found in April through June, with the majority in May. A scatterplot of spring water temperature versus date of first appearance of ''yellow'' stage female shrimp in fishery independent trawls serves to illustrate the apparent effect of relatively cool springs delaying development, and warmer springs accelerating development (Fig. 8) . Plots of water temperature in two extreme springs (Fig. 9) , and examination of frequency of ovarian development in those years (Fig. 10) , illustrates that the difference in timing of maturation between cool and warm spring seasons is relatively small (about two weeks). The examination of frequency of advanced stages of female ovarian development has been used to estimate when at least one-half of the female shrimp would spawn, assuming ripe individuals would spawn within a matter of days. From this information, SCDNR fisheries managers decide on a date for opening the commercial trawling season (Fig. 10) .
DISCUSSION
Large variation in catches of nektonic species (as seen in this study) on both a daily and annual time period is typical of trawl samples (Taylor, 1953) and for L. setiferus (Bishop and Shealy, 1977; Music, 1994) . Commercial shrimp trawling operations target ''concentrations'' of shrimp when possible (Anderson et al., 1949) . Annual variation in the present study was primarily due to winter water temperature, with poor survival of overwintering white shrimp in colder winters (Williams, 1969; McKenzie, 1981; Lam et al., 1989; SCDNR, unpublished data) .
Results of statistical analyses revealed that both fishery dependent and fishery independent catch rates were significantly correlated with subsequent commercial landings, and January water temperature was significantly correlated with both catch indices and landings. Such data are important for managing fisheries by setting opening dates and prediction of harvest for fishermen, and was used for closure of the U.S. Exclusive Economic Zone to shrimp trawling following winter mortality of L. setiferus (South Atlantic Fisheries Management Council, 1993 ). These data demonstrate the importance of maintaining long term resource monitoring programs, an issue during times of budget constraints.
Biological observations on L. setiferus in this study are consistent with previous studies conducted on the species. Weymouth et al. (1933) and Pérez Farfante (1969) , for example, observed that females grow larger than males, and the overall approximate 1:1 ratio of males to females is consistent, although it can be temporally quite variable (Bishop and Shealy, 1977; Lindner and Cook, 1970; Pérez Farfante, 1969) . Relatively smaller male L. setiferus may be subjected to more predation than larger females; thus, the ratio of adult shrimp may be skewed toward females (Pauly et al., 1984) . In the study most similar to the current one, Weymouth et al. (1933) found that the proportion of female white shrimp to male white shrimp increased during the spring spawning season in Georgia offshore waters, then declined dramatically in summer. Weymouth et al. (1933) concluded that this was due to differential behavior associated with spawning. The apparent increase in the number of males with females nearing spawning as noted in the present study may be caused by attraction with pheromones, as suggested by Wyban and Sweeney (1991) . If some of the collections in this study represented portions of spawning aggregations, then it raises the question of the fate of male shrimp after spawning. Perhaps they passively disperse while undergoing spermatophore regeneration before reseeking ripening females (Leung-Trujillo and Lawrence, 1987) .
Fishery independent samples yielded many spent female shrimp inshore of commercial trawling areas. This may indicate spawning in estuaries but also suggests a postspawning movement inshore by some individuals to feed and escape predation (Boesch and Turner, 1984; Williams, 1955) . Lindner and Anderson (1956) suggested that the general rise in spring water temperature, as opposed to a specific temperature, triggered the onset of sexual maturation in L. setiferus. In this study, extremely cool spring temperature seemed to delay maturation slightly while warmer temperatures promoted more rapid development, although the difference was only a few weeks.
The collection of mated female shrimp serves as further corroboration of some fairly specific spawning areas. Only a few hours are thought to occur between mating and spawning of eggs (C. Browdy, SCDNR, personal communication), therefore the distance traveled would likely be fairly short. The majority of these shrimp are probably not undergoing extensive migration, unlike in the fall or early spring (Lindner and Anderson, 1956; McCoy and Brown, 1967; Whitaker et al., 1989; SCDNR, unpublished data) . Most of these spawning areas are either closed to bottom trawling or generally not trawled heavily until spawning has progressed, and other potentially disruptive activities, such as extensive dredging and disposal of dredged material, and beach renourishment, should be carefully monitored.
Our study did not attempt to address spawning of white shrimp that occurs later in the summer, although summer spawning can be important in producing progeny that recruit to estuaries in late fall and constitute a portion of the overwintering class (Lindner and Anderson, 1956; SCDNR, unpublished data) . To further elucidate movements during spawning, some combination of laboratory spawning and increased field tracking should be considered in the future. Night sampling during peak spawning periods could yield more precise estimates of the proportion of shrimp actively spawning, as most penaeids studied in the laboratory appear to spawn at night (Dall et al., 1990; Misamore and Browdy, 1996) .
Finally, the results of this and previous studies on L. setiferus can be contrasted with inferences about spawning of the two other major wild harvested penaeid species in the U. S. The pink shrimp, Farfantepenaeus duorarum (Burkenroad, 1939) and the brown shrimp, Farfantepenaeus aztecus (Ives, 1891) are both ''closed'' thelycum species, , 1980-2003. therefore egg laying may occur some time after mating, and at much greater depths than L. setiferus (Dall et al., 1990; Renfro and Brusher, 1982; Williams, 1984) . Farfantepenaeus duorarum probably shares a similar spring-summer pattern of reproduction with L. setiferus, whereas F. aztecus appears to have peaks of spawning in spring and fall, at least in the Gulf of Mexico (Renfro and Brusher, 1982; Williams, 1955) . Some annual patterns of reproduction in smaller penaeids have been recently examined by Bauer and Lin (1994) for Trachypenaeus spp. in the Gulf of Mexico and Sakaji (2001) for Metapenaeopsis dalei (Rathbun, 1902) in Japan, revealing that these species, unlike L. setiferus off the southeastern U.S. coast, have more protracted spawning activity throughout much of the year. Further research on this important aspect of the life history of penaeid shrimp will hopefully be forthcoming to enhance our understanding and ensure the sustainability of this ecologically important and heavily utilized group.
